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Abstract

The T235 allele of the angiotensinogen gene (AGT) has been
associated with hypertension. Blood pressure increases
faster over time in black children than in white children,
and in adults hypertension is more prevalent in blacks. We
sought evidence for a role for angiotensinogen to contribute
to racial differences in blood pressure in a study of 148
white and 62 black normotensive children (mean age, 14.8
yr). The frequency of the T235 allele was 0.81 in blacks and
0.42 in whites (X2 = 77.3, P = 0.0001). The mean angioten-
sinogen level was 19% higher in blacks than in whites (P
= 0.0001 for males, P = 0.004 for females). Genotype was

positively related to serum angiotensinogen in white chil-
dren (P = 0.0001 for males, P = 0.004 for females), but a

similar relationship was absent in blacks where the fre-
quency of M235 may have been too low to discern an associ-
ation. Longitudinal blood pressure (measured twice yearly)
adjusted for body mass index showed a marginally signifi-
cant relationship to the angiotensinogen level (P = 0.07).
An independent relationship of serum angiotensinogen with
body mass index (P = 0.0001) and race (P = 0.0003) was

also observed. In summary, T235 was more frequent, and
the level of angiotensinogen was higher in blacks than in
whites. Such a racial difference in the renin-angiotensin sys-

tem may contribute to the disparity in blood pressure levels
of white and black young people. (J. Clin. Invest. 1995.
95:948-953.) Key words: angiotensinogen * angiotensinogen
gene * race * children * blood pressure

Introduction

Angiotensinogen, a protein synthesized principally in the liver,
interacts with renin to produce angiotensin I, the prohormone
of angiotensin II (AII).' All promotes sodium retention and
increases vascular resistance and is thus important for blood
pressure regulation. The concentration of angiotensinogen is a

rate-limiting factor in the generation of All ( 1), and its circulat-
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ing level has been positively related to blood pressure (2, 3).
The angiotensinogen gene (AGT) was linked recently to human
hypertension in a study from France and the United States (4).
In case-control studies, two AGT alleles, one that results in
substitution of threonine for methionine at amino acid position
235 (T235) and one where there is substitution of methionine
for threonine at position 174 (M174), were associated with
hypertension in one study (4) but not in another (5). Further-
more, the serum angiotensinogen level was shown to be higher
in subjects carrying the T235 allele (4).

Hypertension is more prevalent in blacks than in whites (6,
7), and in a previous study we showed that the blood pressure
was higher and increased faster over time in black children than
in white children (8). Thus, factors that contribute to the racial
difference in blood pressure may be detectable in childhood.
Recently, T235 was reported to be the predominant AGTallele
in blacks (9). Conceivably, the T235 allele and angiotensinogen
contribute to the higher blood pressure of blacks. We report
here on a cross-sectional study of white and black children in
whomthe angiotensinogen level was measured and genotyping
for AGTalleles was performed. Wecompared frequencies of
alleles and the levels of angiotensinogen in the two racial
groups. Since the subjects were from a longitudinal blood pres-
sure study, we also examined the relationships of AGTalleles
to the longitudinal blood pressure and to the serum angioten-
sinogen concentration.

Methods

Subjects. Subjects were recruited from an ongoing longitudinal blood
pressure study in children (8). Subjects in the original longitudinal
study were recruited from 20 different schools in Indianapolis to achieve
selection from a diverse socioeconomic background. The study was
approved by the Institutional Review Board of Indiana University-
Purdue University of Indianapolis. Informed consent was obtained from
each child and also from his or her parents or legal guardian. Children
with a history of hypertension, renal disease, cardiac disease, or diabetes
mellitus and those taking medication (including birth control pills) that
could affect blood pressure or the renin-angiotensin system (RAS) were
excluded from the study. Subjects volunteered for the present study by
providing a blood sample for isolation of DNAand plasma measure-
ments of renin activity, aldosterone, and angiotensinogen. To determine
whether those who volunteered for this study were representative of the
original cohort, we compared the characteristics of age, weight, height,
body mass index (BMI), sex, and race for those who participated with
those who did not (n = 106). The means for age, weight, height, BMI,
sex, and race were not significantly different between groups (all P
values > 0.3) indicating that the sample analyzed was representative
of the longitudinal study population. In the original group of subjects,
there were 23 who had at least one sibling also participating in the
study. To preserve the statistical independence among subjects, one
sibling from each family was randomly selected for the statistical analy-
sis. We report results for 213 subjects. Three black subjects were not
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genotyped, thus, associations with genotyping were done for a total of
210 subjects.

Measurements. Weight and height were measured at the time blood
samples were drawn. In addition, because these subjects were partici-
pants from an ongoing longitudinal study, their longitudinal blood pres-
sures during the previous 5 yr (measured twice annually) were used in
the analyses. Blood pressure was measured in the right arm with a
random zero sphygmomanometer (Hawksley and Sons, Lansing, Suffex,
United Kingdom) while the subject was seated. The first and fifth Korot-
koff sounds were used to designate systolic and diastolic blood pres-
sures, respectively. Three blood pressure readings were obtained, and
the average of the last two readings was used as the final blood pressure
measurement.

Detection of molecular alleles. Whole blood was collected in EDTA-
containing Vacutainer tubes. DNAwas extracted from the white blood
cells according to a standard procedure (10). DNAconcentration was
determined from the optical density at 260 nm. Allele specific oligonu-
cleotide hybridization was used for the genotyping of angiotensinogen
codons 174 and 235. Genomic DNA was subjected to 30 rounds of
amplification using primers 5 '-GATGCGCACAAGGTCCTGTC-3'
and 5 '-GCCTGACTGGCTGATCTCAG-3'with 1 min denaturation at
95°C, 1 min annealing at 60°C, and 1 min extension at 72°C. The
resulting 354-base pair fragment was denatured with 0.4 MNaOH, 25
mMEDTA and dot blotted in duplicate onto nitrocellulose and then
neutralized with 20 x SSC. The filters were subsequently hybridized
to the appropriate 32P-labeled oligonucleotide in a solution containing
6 x SSC, 5 x Denhardt's, 0.5% SDS, 0.1 mg/ml denatured salmon
sperm DNAfor 12 h at 42°C. Filters were washed in 2 x SSC at the
appropriate temperature for each probe.

Assay procedures. Aldosterone concentration was measured by ra-
dioimmunoassay with antiserum from Diagnostic Products Corp. (Los
Angeles, CA). Plasma renin activity (PRA) was measured with a Clini-
cal Assays GammaCoat radioimmunoassay kit (Baxter Healthcare,
Cambridge, MA).

Angiotensinogen was measured as described previously (11). This
was a two step procedure consisting of conversion of angiotensinogen
to AI by human renin followed by the measurement of Al by radioimmu-
noassay (RIA). To eliminate protease activity during the first step, the
incubation buffer (0.6 Msodium phosphate, 36 mMEDTA, gelatin [1
mg/ml], pH 6.0) was brought to a boil and then slowly cooled to room
temperature. Human renin was prepared as described by Haas et al.
( 12). For the conversion of angiotensinogen to Al, a mixture containing
0.25 ml of the above buffer, angiotensinogen (0.8-10 ng) or serum,
20 isl of human renin, and water to 1.0 ml was incubated at 37°C for
3 h. Aliquots were then removed for measurement of the generated Al
by RIA as described by Haber et al. (13) except for the inclusion of
gelatin (Sigma grade 1) at a concentration of 1.0 mg/ml as the carrier
protein in the RIA incubation buffer. The Al standard was purchased
from Peninsula Labs (Taylor Way, Belmont, CA) and quantified by
amino acid analysis. As a control for background, an aliquot of an
incubation blank containing renin but no angiotensinogen was included
in each RIA tube comprising the standard curve. A control plasma
sample was assayed in each run. The angiotensinogen concentration was
expressed as nanograms of Al per milliliter. The intraassay coefficient of
variation for this assay was 5.8% (n = 24), and the interassay coefficient
of variation was 12% (n = 81 ). The mean recovery of Al (8 or 4 ng)
added to the assay of control plasma samples at the start of the incubation
was 92% (range, 86-101%; n = 4).

Statistical methods. Statistical analyses of the group means for char-
acteristics of white and black children of each gender group were com-
pared using the t test. To determine whether the angiotensinogen level
was related to race and the presence of the T235 and Ml 74 alleles,
analysis of variance methods were used. Since angiotensinogen was
associated with BMI, the race effect and the genotype effect were evalu-
ated by including BMI as a covariate in the regression model. Multiple
comparisons procedures were used to compare the angiotensinogen lev-
els within each race. Statistical analyses of the relationship between

blood pressure and angiotensinogen were performed using the longitudi-
nal blood pressure measurements. For each individual the mean systolic
and diastolic blood pressure were calculated. These means were modeled
in terms of race, BMI, and angiotensinogen level using a general linear
model. Since some individuals had more measurements than others, the
analysis was weighted by the inverse of the number of visits. Statistical
methods for longitudinal data suggested by Liang and Zeger (14) were
also used to determine the effect of genotype and angiotensinogen level
on blood pressure. The BMI was included in the model as a time-
dependent covariate. This analysis gave similar results to the means
analysis.

Results

Characteristics of the subjects. There were 148 white and 65
black children that participated in the study. For both male and
female groups, the average age and height were not significantly
different between whites and blacks (Table I). Although the
age distributions for whites and blacks were similar (for whites,
10.7-18.7 yr in males and 8.9-19.5 yr in females; for blacks,
9.1-18.9 yr in males and 12.3-18.1 yr in females), black chil-
dren were on average 9 kg heavier (P = 0.03 for females and
P = 0.05 for males) and had on average about a 4 kg/M2 higher
BMI (P = 0.003 for males and P = 0.005 for females) than
white children. For males, the mean longitudinal systolic blood
pressure was not significantly different between whites and
blacks (P = 0.58), but the mean longitudinal diastolic blood
pressure was on average 4 mmHghigher in blacks (P = 0.04).
For females, both systolic and diastolic mean longitudinal blood
pressures were on average 5 mmHghigher in blacks than in
whites (P = 0.05 for the systolic and P = 0.003 for the dia-
stolic).

Plasma measurements of renin activity and aldosterone.
PRAwas not significantly different in white and black children
(Table I), whereas for both males and females, plasma aldoste-
rone was - 30% lower in blacks than in whites (P = 0.02 for
males and P = 0.01 for females). A lower plasma aldosterone
level in black children has been observed previously in a popula-
tion that included members of the present cohort (15, 16).
Although PRAand plasma aldosterone were related (r = 0.32,
P = 0.0001), there was no significant relationship between
these variables and serum angiotensinogen (for PRA, r
= -0.09, P = 0.18, and for aldosterone, r = -0.09, P = 0.20).

Frequencies of the 7235 and M174 alleles. The frequencies
of both the M174 allele and the T235 allele were compared in
white and black subjects. The frequency of the M174 allele was
not significantly different in the two racial groups, 0.11 and
0.08 in whites and blacks, respectively (X2 = 0.55, P = 0.46).
On the other hand, the T235 allele was the predominant allele
in blacks, occurring with a frequency of 0.81 compared with a
frequency of 0.41 in whites (X2 = 54.9, P < 0.0001). The
same result was observed for either sex. The distribution of the
genotypes with the T235 allele was also significantly different
between the racial groups: 65% of the black children were
homozygous for the T235 allele while only 18% of the white
children were homozygous for this allele. The distribution of
the M174 genotype was the same for whites and blacks. The
distributions of genotypes for both alleles were consistent with
the populations being in Hardy-Weinberg equilibrium.

Serum angiotensinogen in relation to race and genotype.
For both males and females, the mean angiotensinogen level
was 19% higher in black children than in white children (P
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Table L Characteristics of the White and Black Children*

Males Females

Characteristic White Black P value White Black P value

n n = 79 n = 32 n = 69 n = 33
Age (yr) 14.95±1.81 14.60±2.24 0.39 14.93±2.00 14.78±1.63 0.70
Weight (kg) 61.45±12.81 70.64±21.03 0.026 55.49±11.33 64.68±16.03 0.005
Height (cm) 169.13±12.99 167.30±14.67 0.52 161.21+7.90 159.22±5.03 0.13
BMI (kg/M2) 21.4±3.4 25.0±5.8 0.003 21.2±3.4 25.0±6.0 0.0005
Systolic blood pressure

(mmHg)* 109.14+12.08 110.50±10.65 0.58 104.32±10.67 109.03±11.56 0.05
Diastolic blood pressure

(mmHg)t 66.11±9.04 70.22±9.85 0.04 63.97±10.10 69.24±6.97 0.003
log PRA (ng AI/mlIh) 1.07±0.63 1.05±0.57 0.87 1.05±0.60 0.87±0.74 0.18

(3.03)§ (2.56) (2.76) (2.55)
Plasma aldosterone (ng/dl) 12.06+6.72 8.74±6.05 0.020 13.81+± 1.09 9.26+7.58 0.014
Serum angiotensinogen

(ng AI/ml) 1477.1+313.1 1760.8+373.8 0.0001 1547.5±329.0 1831.5±405.8 0.0004

* Values are means±SD; the means of longitudinal blood pressures; § median values without log transformation.

= 0.0001 for males, P = 0.004 for females) (Table I). Angio-
tensinogen levels were, however, highly correlated with age (r
= 0.17, P = 0.01), weight (r = 0.35, P = 0.0001), and BMI
(r = 0.37, P = 0.0001). After adjusting for BMI, blacks still
had on average an 1 1%higher angiotensinogen level than whites
(P = 0.009 for males, P = 0.03 for females).

To determine whether the presence of the T235 allele and
race were related to the angiotensinogen level, an analysis of
variance model was used. Both genotype (P = 0.01) and race
(P = 0.0003) were significantly associated with the serum an-
giotensinogen level. The angiotensinogen levels of the three
groups defined by the AGTcodon 235 alleles for both whites
and blacks are shown in Fig. 1. Since body weight was highly
correlated with the angiotensinogen level, the same analysis
was carried out after adjusting for BMI; the results are presented
in Table II. The effects of both genotype (P = 0.02) and race
(P = 0.05) remained significant. A subanalysis for white and
black children revealed that in white children the mean serum
angiotensinogen level was higher in the presence of the T235
allele (Fig. 1 and Table II), whereas for black children the
angiotensinogen level did not vary with genotype. This observa-
tion was consistent for the weight-adjusted angiotensinogen
level as well as for the unadjusted value. The M174 allele did
not show a significant association with the angiotensinogen
level in either racial group.

Blood pressure in relation to genotype. To assess the rela-
tionship of the genotype with blood pressure, both the means
of the longitudinal blood pressure and the changes in blood
pressure over time as determined from multiple individual mea-
surements were used. Systolic blood pressure values showed a
significant relationship with genotype (P = 0.03). The mean
systolic blood pressures for MTand MMgenotype groups were,
respectively, 2 and 4 mmHghigher in comparison with the
MMgenotype group for both whites and blacks. Similarly, the
relationship of genotype to the change in systolic blood pressure
over time was significant (P = 0.04). The systolic blood pres-
sures versus age for the MT and TT genotype groups were,
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Table H. The Serum Angiotensinogen Concentration (Adjusted for
BMI) in Relation to Genotype in White and Black Children*

Angiotensinogen (ng angiotensin I/ml)

Group MM, MT* TT Significance

Whites (n) 1438±46 (50) 1577±38 (72) 1646±64 (26) P = 0.0041
Blacks (n) 1770±189 (3) 1685±77 (18) 1726±51 (41) P = 0.8411

* Values are means±SE. t The M235 allele; I the T235 allele; P1p values are
based on one-way analysis of variance for each race. Race effect (P = 0.05) and
genotype effect (P = 0.02) were significant based on two-way analysis of variance;
the interaction was not significant.

respectively, 1.8 and 4.0 mmHghigher than for the MMgeno-
type group. Neither the mean longitudinal diastolic blood pres-
sure nor the change in diastolic blood pressure over time was
significantly related to genotype. When the variation in blood
pressure due to BMI was accounted for, the relationship of
genotype to blood pressure was no longer significant with either
analysis.

Blood pressure in relation to serum angiotensinogen. For
both racial groups, the mean of the longitudinal diastolic blood
pressure was significantly related to the angiotensinogen level
with r = 0.24 (P = 0.0034) and r = 0.45 (P = 0.0002) in
whites and blacks, respectively. Only black subjects showed a
significant relationship to the mean of the longitudinal systolic
blood pressures with r = 0.44 (P = 0.0003). After accounting
for the variation in blood pressure due to BMI, the angiotensino-
gen level was no longer significantly related to systolic blood
pressure (P = 0.19), but a marginally significant relationship
to diastolic blood pressure remained in both whites and blacks
(P = 0.07). The relationship between the change in blood
pressure over time and the serum angiotensinogen was also
significant before adjusting for BMI but not after the adjustment.

Discussion

In this study, the T235 allele of AGTwas the predominant allele
in the black children, 81% of the AGTalleles in the blacks and
42% in the whites were the T235. These findings were consis-
tent with an earlier study in adults by Lifton et al. (9). In
addition, we found the serum level of angiotensinogen to be
significantly higher in black children than in white children. It
is unlikely that this difference in the angiotensinogen level was
an artifact of the angiotensinogen assay created by the amino
acid substitution. Our assay measured generation of angiotensin
I, and the kinetics for cleavage by renin of both molecular forms
of angiotensinogen has been found to be identical (Lalouel,
J.-M., personal communication). For the overall group, the an-
giotensinogen level was higher in subjects who carried the T235
allele, but within racial groups this relationship of genotype
with level of angiotensinogen was significant only for white
subjects.

Genes of American blacks consist of an admixture of genes
of white origin. White genetic admixture within the black popu-
lation in the United States has been estimated at 22% (17) and
26% (18) in two separate studies, whereas admixture of black
genes among American whites is considered to be < 1% (19).
Self-reporting for race was used to assign race status in the

present study; no genetic markers for race were used. Weas-
sume that the racial admixture in our subjects was similar to
the earlier estimates. It is possible that the racial difference in
the level of serum angiotensinogen observed in the present study
may underestimate a racial difference for populations where
there is no admixture among racial groups.

In previous studies in white adults, the M174 allele was in
linkage disequilibrium with the T235 allele (4), and thus, al-
though M174 was associated with hypertension (4), it was not
an independent predisposing factor. In this study, the frequen-
cies of M174 were similar in whites and blacks (0.10 and 0.08,
respectively), and no relationship of M174 to the angiotensino-
gen level or blood pressure was observed.

Participation in this study was restricted to individuals who
had volunteered from a longitudinal study of blood pressure. A
limitation imposed by this cohort was the small number of black
children with the M235 allele. Thus, the lack of a relationship
between the angiotensinogen level and genotype in blacks may
have resulted from the small number of black children in both
the groups homozygous for the M235 allele and the heterozy-
gotes.

The relationship of angiotensinogen to blood pressure was
first recognized 25 yr ago when Fasola et al. (2) found that the
serum angiotensinogen concentration was higher in a group of
hypertensive subjects and their offspring than in a group of
normotensive subjects. Walker et al. (3) subsequently showed
in a population that included hypertensives that the diastolic
blood pressure was more highly related to the angiotensinogen
level (r = 0.39) than any other parameter of blood pressure
regulation analyzed. In our study of normotensive children, the
angiotensinogen level showed a marginally significant relation-
ship (P = 0.07) to diastolic blood pressure adjusted for BMI.
There has been a renewed interest in angiotensinogen as a con-
tributor to high blood pressure since it was shown that AGT
was linked to essential hypertension (4, 5) and the T235 and
M174 AGT alleles were shown to occur more frequently in
hypertensive populations from the United States, France (4),
and Japan (20), although not in hypertensives from the United
Kingdom (5). Furthermore, the frequency of the T235 allele
was shown to be higher in womenwith preeclampsia (21, 22).

In this study, we observed unexpectedly that the serum an-
giotensinogen level was significantly related to BMI. Howbody
size might affect the level of serum angiotensinogen is unclear,
although several mechanisms can be proposed. Adipose tissue
has the capacity to secrete angiotensinogen (23), and thus a
higher serum angiotensinogen level might result from an in-
crease in body fat. Insulin increases AGTtranscription (24) and
the synthesis of angiotensinogen in vitro (25). A higher BMI
can be associated with insulin resistance and hyperinsulinemia
which in turn might then stimulate synthesis of angiotensinogen.
It may simply be that a greater body size is required to fully
express the effect of angiotensinogen on blood pressure. Alter-
natively, another factor, related to the age of a growing child,
may increase the angiotensinogen level, such as a hormone
associated with puberty or the adrenarche. Estrogen, for exam-
ple, is known to increase angiotensinogen synthesis (26, 27).
The relationship of the angiotensinogen level to age, however,
was not as strong as the relationship to body size, suggesting
that something unassociated with age was providing the major
influence.

In addition to the effect of the T235 allele and BMI on
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serum angiotensinogen, we found evidence for an independent
effect of race which resulted in a higher angiotensinogen level
in blacks. This may have been related to a racial difference in
regulation by AGTor by differences in environmental factors.
Wehave recently found a racial difference in the genetic regula-
tion of the serum concentration of angiotensin I-converting en-
zyme (Bloem, L. J., A. K. Manatunga, E. A. Hollerman, J. H.
Pratt, manuscript submitted for publication), another compo-
nent of the renin-angiotensin system.

Our earlier studies in children found urinary aldosterone
excretion rates to be lower in blacks than in whites (15, 16),
and in this study the plasma aldosterone was lower in the black
children. These findings are consistent with greater accumula-
tion of sodium that suppresses the renin-angiotensin-aldosterone
axis in black children. Similar evidence for sodium retention
has been observed in adults. Black hypertensives typically have
lower PRA (28-30) and a blood pressure that is more likely
to be salt sensitive (31, 32) and responsive to diuretic therapy
(33) when compared with white hypertensives. Conceivably, a
higher angiotensinogen level initiates an increase in the kidney's
production of AII which then promotes sodium retention (34).
Ultimately the RASwould be down-regulated, but a persistently
higher angiotensinogen level might sustain RAS activity at a
level inappropriate for the degree of sodium retention. Since
the angiotensinogen concentration is at the Michaelis-Menton
constant for its interaction with renin ( 1 ), a higher angiotensino-
gen level might easily increase All production despite lower
renin activity. Secretion of aldosterone appeared to reflect a
decrease more than an increase in AII. Several explanations for
the lower aldosterone secretion in blacks can be proposed: (a)
AII may be lower in blacks than in whites but at the same
time higher than physiologically appropriate for the level of
accumulated sodium; (b) the expression of AGTmay be greater
in kidney than in liver where most circulating angiotensinogen
originates; or (c) there may be different types and degrees of
responsiveness to All in the kidney and the adrenal. In regard
to the latter, the aldosterone secretory response to All is related
to the prevailing potassium concentration (35, 36), and blacks,
in comparison with whites, may consume a diet lower in potas-
sium, thereby reducing the effect of All on aldosterone secretion
(37, 38). Altematively, a higher angiotensinogen level in blacks
may not contribute to sodium retention as much as result from
it. Suppression of renin activity by an accumulation of sodium
could limit the catabolism of angiotensinogen by renin.

In summary, the T235 allele of AGTthat has been associated
with hypertension in adult populations was the predominant
AGTallele in the black children of this study. The serum level
of angiotensinogen was significantly higher in the black children
than in the white children and showed a marginally significant
relationship to blood pressure. These results suggest that genetic
differences in the RAS may contribute to racial differences in
blood pressure regulation in normal children.
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